DRiFuss, JACQUES (Princeton University, Princeton, N.J.), ANmD ARTHUR B. PARDEE. Regulation of sulfate transport in Salmonella typhimurium. J. Bacteriol. 91:2275Bacteriol. 91: -2280Bacteriol. 91: . 1966 (4) of S. typhimurium were used in these experiments. Cys CD-S19 is a deletion mutant which "covers" the cys C (adenosine triphosphate: sulfate adenyltransferase, EC 2.7.7.4) and the cys D (adenosine triphosphate: adenylsulfate 3 -phosphotransferase, EC 2.7.2.25) cistrons. Other mutants used were cys C-1021, cys C-80, cys D-313, cys D-220, and cys H-363 and cys H-271; the last two lack the ability to reduce 3'-phosphoadenosine 5'-phosphosulfate (PAPS). The nutritional properties of these mutants as well as their culture conditions have been described (3, 4) .
Inorganic sulfate enters Salmonella typhimurium by an active transport mechanism (3) . The following observations regarding the system have already been reported (3): (i) the cells transport sulfate against a concentration gradient; (ii) energy is required; (iii) transport is highly temperature-dependent; (iv) thiosulfate and sulfite are good inhibitors; (v) a binding site for sulfate seems to exist external to the cell membrane (5); (vi) binding and transport are both repressible by cysteine; (vii) binding can be demonstrated in cell-free extracts (11, and in preparation) .
The kinetics of transport are similar in many ways to those of other systems (2, 9) , but a most striking difference observed here is the pronounced overshoot of intracellular sulfate which occurs when a concentrated bacterial suspension is first exposed to the anion. This overshoot was further explored. It is suggested that intracellular sulfate or a metabolic derivative of sulfate inhibits the entry reaction, decreasing the entry rate relative to outflow after a short time, thus creating the overshoot. Differences (4) of S. typhimurium were used in these experiments. Cys CD-S19 is a deletion mutant which "covers" the cys C (adenosine triphosphate: sulfate adenyltransferase, EC 2.7.7.4) and the cys D (adenosine triphosphate: adenylsulfate 3 -phosphotransferase, EC 2.7.2.25) cistrons. Other mutants used were cys C-1021, cys C-80, cys D-313, cys D-220, and cys H-363 and cys H-271; the last two lack the ability to reduce 3'-phosphoadenosine 5'-phosphosulfate (PAPS). The nutritional properties of these mutants as well as their culture conditions have been described (3, 4) .
Transport in dense cell suspensions. Bacteria were grown on djenkolic acid in medium E plus 0.2% glucose as described previously (3), harvested, and washed once with medium E. Cells representing 30 to 40 mg of protein (ca. 0.2 ml) were incubated for the desired time interal at 37 C in 2.0 ml (final volume) of medium E containing 5 X 10-5 M sulfate, 30 ug of chloramphenicol per ml, and 101 counts per mi of S50Qr2 per ml. The incubation period was terminated by ifitering the cell suspension through an 0.45-pA Millipore filter which had been covered with a DREYFUSS AND PARDEE layer of Celite as described previously (3). The radioactivity present in the filtrate was measured in a Packard scintillation spectrometer with the use of the scintillation fluid described previously (3) .
Transport in dilute cell suspensions. Cells were grown as above, harvested, and resuspended at a concentration of about 100 mg/ml in medium E containing 30 ,ug of chloramphenicol per ml and 0.2% glucose. The suspension was stored at 0 C for times up to 24 hr and then was diluted to a protein concentration of 0.2 mg/ml in the same medium plus and minus 2 X 10-4 M L-cysteine. After 1 hr at room temperature, 0.7-ml cell samples were added to tubes at 25 C containing 0.3 ml of medium E plus 10-5 M sulfate and 6.6 X 104 counts per min. At the desired time, 0.5 ml of the cell suspension was filtered through a 0.45-, Millipore filter, and rinsed at once with 2.5 ml of ice-cold medium E containing glucose but lacking sulfate. The filters were then dried and counted.
Protein was determined by treating a diluted cell suspension according to the method of Lowry et al. (10) .
RESULTS
The most unusual kinetic feature of sulfate transport was the overshoot which occurred initially (3). In most other systems, the internal concentration of transported substance asymptotically approaches a plateau value. The sulfatetransporting system is a dynamic one; sulfate within the cell was in rapid equilibrium with extracellular sulfate (Fig. 1) . When an excess of nonradioactive sulfate was added 1 min after radioactive sulfate, a rapid exchange occurred; S3504-2 appeared almost quantitatively in the medium in less than 1 min. Similarly, if the cells were first exposed to nonradioactive sulfate, and radioactive sulfate was added 1 min later, the exchange caused a rapid equilibration between internal and external sulfate. (For convenience, we distinguish these two methods of studying exchange as "exchange" and "equilibration," respectively.) Thus, the change responsible for the overshoot during sulfate transport could either be a decreased rate of entry or an increased rate of exit after initial exposure to the anion.
Theoretically, the appearance of an overshoot generally requires a time-dependent change in some component of the system under study, as concluded by Burton (1) , who has presented a valuable discussion of overshoot phenomena in biology. The outflow of sulfate observed after the 1st min must be due to some change in the system. A change by induction of new protein is ruled out for two reasons. First, transport was measured in the presence of chloramphenicol, which blocks protein synthesis. Second, the alteration is considerably more rapid than the kinetics of induction of known enzymatic sys-MINUTES FIG. 1. Exchange and equilibration of S04-2 with S3504-2 in mutant cys CD-519 after I min of transport. The bacteria were grown and harvested as described under Materials and Methods. They were exposed to radioactive sulfate (5 X JfJ5 M) to obtain the control curve. The curve marked "exchange" was obtained by adding a sulfate solution at I min to give a final concentration ofS X 104 M. Equilibration was carried out by adding carrier-free S35042 to cells exposed for I min to S X 10-5 M nonradioactive sulfate.
tems. Therefore, inhibition or activation of the system must be sought.
To decide whether the overshoot was due to modification of an inflow or outflow mechanism, exchange rates were measured after the peak of transport was passed (Fig. 2) . The rate of exchange of radioactive sulfate out of the cells, when nonradioactive sulfate was added, became considerably slower at 5 min than at 1 min ( Fig.  1 ). This reduction in exchange rate suggests a reduction of the rate of some part of the transport system. The simplest explanation is that the inflow rate is reduced. The rate of equilibration of a small amount of radioactive sulfate with nonradioactive intracellular sulfate was too rapid to measure at either time. Since the completion of this reaction requires only one-tenth as much inward sulfate flow as the exchange with added nonradioactive sulfate described above, it provides a less easily determined measurement of the change of the system.
Dependence of overshoot on sulfate and glucose concentrations. The bacteria were allowed to transport sulfate (Fig. 3) , and then were washed five times with glucose-free sulfate-free medium E to remove the anion. When they were again exposed to sulfate, a second overshoot was observed. This result shows that the modification of the cells which results in an overshoot was not permanent. Maintenance of the postovershoot condition depended upon the presence of sulfate.
One can next inquire whether a relatively high concentration of sulfate is required to create the overshoot. Bacteria were exposed to 10 sulfate rather than the usual concentration of 5 x 10-5 M. The lower concentration was transported without overshoot (Fig. 4) . Subsequent addition of 5 X 10-5 M sulfate permitted further transport. Thus, although sulfate was taken into the cells, it did not create the postovershoot conditions when its concentration was low. This observation suggests that a high sulfate concentration is necessary to create conditions for diminished transport.
A third experiment of this type involved the influence of an inadequate energy supply. When glucose-starved bacteria were placed in a medium containing 5% as much glucose as was usually present, they transported sulfate for only about 60% as long and to about 60% the usual extent (Fig. 5) . After transport had ceased, sulfate entered the medium until a new steady state was attained. These bacteria were capable of exchanging their sulfate with added nonradioactive sulfate at this time. Transport was more energydependent than both exit and exchange.
When a second limiting dose of glucose was added at 150 sec, transport again proceeded for Since net accumulation depends on energy supply, and since the cells are so concentrated as to be in conditions very different from those of growth, an assay was developed in which a more dilute cell suspension was utilized. The cells could be separated from medium by Millipore filtration; then the radioactive sulfate retained in the cells present on the filter after washing could be determined. These results (Fig. 6) show directly that sulfate is actually associated with the cells, confirming the earlier results in which transport was followed by measuring the removal of sulfate from the medium. Dilute cell suspensions also demonstrated an overshoot; however, this occurred earlier, and the amount of transport was reduced. The physiological state of the cells, therefore, had a quantitative effect on transport kinetics. Further experiments in dilute cell suspensions showed that the results were highly dependent on experimental conditions. In general, the overshoot appeared earlier when the cells were in the logarithmic state of growth. The time before the maximum appeared was lengthened by using high cell concentrations, storage of the cells, or lower temperatures (Fig.  6) . As an extreme, rapidly growing cells, assayed without storage, had completed the transport process before the earliest sample was taken (15 to 25 sec).
Inhibition of transport in other mutants. Since intracellular sulfate and energy are required to reduce the rate of inflow, a high-energy sulfate compound might be responsible for inhibition of the entry mechanism. If this is the case, mutants which accumulate high-energy sulfate compounds might show inhibited transport. Mutant cys D-313 which lacks adenosine triphosphate: sulfate adenyltransferase (EC 27-7-4), cys C-1021 which lacks adenosine triphosphate: adenylsulfate 3'-phosphotransferase (EC 2*7* 2.25), and cys H-363 which lacks a component of the PAPS reducing system were studied. As seen in Fig. 7 , the last mutant had a much reduced ability to transport sulfate; cys C-1021 also had a somewhat reduced capacity. These results were confirmed in another series of experiments, in which cys D-220, cys C-80, and cys H-271 behaved in much the same ways as the above. The simplest explanation for the inhibited ability to transport sulfate is that in the cys H mutants a high-energy sulfate compound, PAPS, is created, which inhibits the transport system. Perhaps this compound binds to a site specific for sulfate on the inside of the cell membrane. Mutants cys C or D apparently cannot form this compound; the precursor adenosine 5'-phosphosulfate should not be at a high enough concentration to inhibit as effectively, in view of the unfavorable equilibrium constant (10-8 M) for its formation (12 The proposed mechanism of inhibition of the sulfate-transporting system by a high-energy sulfate compound is very similar to that proposed for the feedback inhibition of glucose transport by adenosine triphosphate, as suggested by Hoffee et al. (7) . The outflow rate seems to be increased, but, as pointed out by Kepes (8) The active transport of sulfate has been reported in a variety of systems. Overshoots in uptake kinetics have been reported in rat kidney mitochondria (14) , S. typhimurium (3), and Aspergillus nidulans (13) ; inhibition of sulfate uptake by metabolic intermediates has been reported in Escherichia coli (6) 
